The global chemical transport model Oslo CTM2 has been extended to include the formation, transport and deposition of secondary organic aerosol (SOA). Precursor hydrocarbons which are oxidised to form condensible species include both biogenic species such as terpenes and isoprene, as well as species emitted predominantly by 5 anthropogenic activities (toluene, m-xylene, methylbenzene and other aromatics). A model simulation for 2004 gives an annual global SOA production of approximately 55 Tg. Of this total, 2.5 Tg is found to consist of the oxidation products of anthropogenically emitted hydrocarbons, and about 15 Tg is formed by the oxidation products of isoprene. The global production of SOA is increased to about 76 Tg yr −1 by allowing 10 semi-volatile species to condense on ammonium sulphate aerosol. This brings modelled organic aerosol values closer to those observed, however observations in Europe remain significantly underestimated, raising the possibility of an unaccounted for SOA source. Allowing SOA to form on ammonium sulphate aerosol increases the contribution of anthropogenic SOA from about 4.5% to almost 9% of the total production. The 15 importance of NO 3 as an oxidant of SOA precursors is found to vary regionally, causing up to 50%-60% of the total amount of SOA near the surface in polluted regions and less than 25% in more remote areas. This study underscores the need for SOA to be represented in a more realistic way in global aerosol models in order to better reproduce observations of organic aerosol burdens in industrialised and biomass burning 20 regions.
Introduction
The study of atmospheric aerosol is important for many reasons, ranging from its impact on human health, to its influences on atmospheric chemistry and climate.
Organic matter makes up a significant portion of the global aerosol burden, account- and Kanakidou, 2003; Griffin et al., 1999a; Derwent et al., 2003; Henze and Seinfeld, 2006) . Some classes of compounds included in anthropogenic emissions are capable of forming SOA upon oxidation in the atmosphere. These include toluene, xylene and trimethylbenzenes. The contribution of these species to global SOA budgets has been 5 evaluated by a recent study (Tsigaridis et al., 2005) , and found to be a minor fraction (8%) of the contribution from naturally emitted precursors. Kanakidou et al. (2000) evaluated the anthropogenic effect on the concentrations of oxidants in the troposphere, and found that increases in tropospheric oxidants have lead to a factor of three to four increase in SOA production via O 3 oxidation of biogenic precursor gases, between 10 pre-industrial times and the present. They also found that an increase in anthropogenic POA had lead to greater SOA production.
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In previous modelling studies it has been suggested that SOA formation as a result of hydrocarbon oxidation by NO 3 is very minor in comparison to that by ozone and the hydroxyl radical (Chung and Seinfeld, 2002; Tsigaridis and Kanakidou, 2003) , however 15 the results of some measurement campaigns show oxidation of VOC by the nitrate radical may be significant (Brown et al., 2005; Vrekoussis et al., 2004; Allan et al., 2002; Penkett et al., 1993) .
As the Oslo CTM2 has not been used for detailed studies of SOA previously, the chemical scheme has been updated to account for the necessary processes. The 20 SOA scheme used in this study is based upon that of Chung and Seinfeld (2002) , however, it has been extended to include several new species. The results presented here provide a new estimate of the global SOA production and burden and are an important contribution towards reducing the uncertainty in the global SOA production and burden figures.
includes 40 layers between the surface and 10 hPa. The meteorological data used was generated by running the Integrated Forecast System (IFS) of the European Centre for Medium Range Weather Forecasts (ECMWF), for the year 2004, and was updated (offline) in the CTM every 3 h. The chemical time step in the troposphere is 15 min, in the free troposphere the transport time step is 1 h, in the boundary layer it is 15 min.
In the configuration used in this study, the model includes 122 gas and condensed phase chemical species, all of which are transported. The chemistry scheme accounts for the most important parts of the ozone-NO x -hydrocarbon chemistry cycle. For the chemistry calculations, the QSSA chemistry solver (Hesstvedt et al., 1977) is used.
Emissions of CO (1121.8 EGU associated with these emissions are estimated as being between a factor of 3 (Guenther et al., 1995) and a factor of 5 (Kanakidou et al., 2005) . The emitted species are assigned to 12 tracers using global contribution factors from Griffin et al. (1999a) (see Table 1 ). The use of a single factor, globally, for the contribution of a particular species to the regional monoterpene or ORVOC emissions is justifiable as the contribution fac-5 tors do not vary greatly with location (Kanakidou et al., 2005) . The 12 tracers are subsequently grouped into 5 classes, combining species which form oxidation products with similar aerosol forming properties (Chung and Seinfeld, 2002) .
Emissions of isoprene are from the POET inventory (Granier et al., 2005) , however 10 they are scaled down to 220 Tg yr −1 (IPCC, 2001) . This is rather low compared to the range of likely global isoprene emissions (250-750 Tg yr −1 ) given in Kanakidou et al. (2005) , as well as other recent estimates (Lathière et al., 2006; Guenther et al., 2006) , therefore the SOA contribution from the oxidation products of isoprene may be underestimated slightly. In the model, the total monthly emissions of monoterpenes and 15 isoprene are distributed throughout the month, with emissions at a particular location and time depending on temperature and light. The emissions of monoterpenes have been previously modelled by an equation which does not take into account a light dependence (Guenther et al., 1995) , however, recently a number of studies have shown that monoterpene emissions from many types of vegetation do in fact exibit a strong 20 dependence on light, with negligable emissions taking place during the hours of darkness (Kesselmeier and Staudt, 1999; Kuhn et al., 2002; Moukhtar et al., 2005; Dindorf et al., 2006) .
Here we apply the equation given by Guenther et al. (1995) to represent isoprene emissions, to scale both isoprene and monoterpene emissions: 
The temperature dependence of the emissions is given by C T and R is the gas constant (8.314 J K −1 mol −1 ). The remaining variables are empirical coefficients (C T 1 = 95, 000 J mol −1 , C T 2 =230 000 J mol −1 and T M =314 K) (Guenther et al., 1995) . In order to limit the monoterpene and isoprene emissions to the day time, the solar elevation angle was calculated according to Holtslag and Ulden (1983) for all model grid points at 5 the Earth's surface, with a time resolution of one hour, and emissions were switched off when the sun was below the horizon. When the sun was above the horizon, emissions were scaled using Eq. (1). During the polar night, no emission scaling was carried out, so that any (very small) emissions in these areas contained in the data files would be included. The total monthly isoprene or monoterpene emissions at a particular grid 10 point are unchanged by this temperature and light scaling.
Anthropogenic VOC emissions
Emissions of toluene, m-xylene, trimethylbenzene, as well as the lumped species "other aromatic species", are from the emissions inventories produced in the RETRO (REanalysis of the TROpospheric chemical composition over the past 40 years) project Table 2 . The seasonal dependence of the sources is taken into account in the RETRO inventory. In the Oslo CTM2, emissions of "other aromatic species" are added to the toluene tracer, and trimethylbenzene is added to the m-xylene tracer.
Representation of POA

20
POA can serve as a surface for the condensation of SOA (Kanakidou et al., 2005) and the mass of SOA in the model therefore depends partly upon the mass of POA. The treatment of POA in the Oslo CTM2 is similar to that described by Cooke et al. (1999) (Bond et al., 2004) . Emissions of OC from biomass burning (21.5 Tg yr −1 in total) are taken from the Global Fire Emissions Database version 2 (GFEDv2), for 2004 (van der Werf et al., 2006) . POA is transported in four variables, according to source (biomass or fossil fuel burning) and solubility. The hydrophobic part is assumed to be insoluble, while the hydrophilic part is completely soluble, and subject to wet removal by convective events and large scale rain. For the conversion of hydrophobic OC to hydrophilic OC, a conversion rate of 21% day −1 is used (Maria et al., 2004) . 10 2.5 Formation of SOA Precursor hydrocarbons are transported in the model, and undergo gas phase oxidation via reaction with either O 3 , OH or NO 3 . The rate constants for the oxidation of monoterpenes and ORVOC are shown in Table 3 , oxidation rates for the m-xylene and toluene tracers as well as isoprene are shown in Table 4 . A two product model 15 (see Hoffmann et al., 1997) is used to represent the oxidation products of the precursor hydrocarbons and their aerosol forming properties, whereby the mass based stoichiometric coefficients (α) and equilibrium gas-particle partitioning coefficients (K ) are empirical values determined from chamber studies (Hoffmann et al., 1997) . The values of the stoichiometric coefficients for product k of the reaction of hydrocarbon i 20 and oxidant j , α i ,j,k are given in Table 5 . The reaction products of oxidation via OH and O 3 are considered together, and as the NO 3 oxidation rate of β−Pinene is used to represent NO 3 oxidation of all class I-class V hydrocarbons, only one product is necessary in this case (Chung and Seinfeld, 2002; Griffin et al., 1999b) .
The partitioning between the gas and aerosol phases is calculated assuming equilib- Figures EGU phase, the temperature dependence of the partitioning coefficients is given by:
where T r is a reference temperature, T is the temperature of interest, R is the gas constant and ∆H i ,j,k is the enthalpy of vaporisation. In this study, we use ∆H=42 kJ mol −1 for all SOA (Henze and Seinfeld, 2006; Chung and Seinfeld, 2002) .
5
The concentration of each of the oxidation products in the gas phase is given by:
where [G] i ,j,k is the gas phase product concentration, [A] i ,j,k is the condensed phase product concentration and M o is the total mass of organic aerosol (i.e. the sum of POA and SOA). Using Eq. (4), M o is calculated iteratively,
from the initial gas and aerosol phase concentrations ([A] 0 i ,j,k and [G] 0 i ,j,k respectively). As the precursors are oxidised in the chemistry routine which is called before the partitioning is calculated, newly oxidised gas phase products are included with the existing gas phase compounds in [G] 0 . The final aerosol phase concentration is calculated 15 using:
and the final gas phase concentration can be calculated using Eq. (3). The partitioning calculation is performed after every gas phase chemistry integration, in this study every 900 s. Introduction
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Interactive Discussion EGU 2.6 SOA and precursor loss processes A number of loss processes must be included, both for the gas and aerosol phase oxidation products, as well as the precursor hydrocarbons. We assume that 80% of the aerosol phase oxidation products dissolve into cloud droplets when clouds are present and for all the gas phase oxidation products of SOA precursors, a Henry's Law coef-5 ficient of H=1×10 5 M atm −1 is used (Chung and Seinfeld, 2002) , with a temperature dependence given by Eq. (6),
where ∆H A /R=−12 K (for all precursor hydrocarbons and oxidation products), and ∆H A is the heat of dissolution. The temperature dependence of the Henry's Law coefficients 10 for the precursor hydrocarbons does not need to be accounted for, and the values used for each class of hydrocarbons are given in Table 7 .
Wet deposition related to large scale as well as convective systems is represented in the model, and depends on the amount of precipitation crossing grid box boundaries, which is a model input field. In the case of large scale rain, the cloud fraction and 15 amount of mass exchanged advectively is used to put an upper limit on the amount of a tracer which can be removed from a grid box. An iterative approach is used to calculate condensed water available for taking up gas phase species in convective clouds. The wet deposition routines are described thoroughly in Berglen et al. (2004) .
A dry deposition velocity of 0.1 cm s −1 is applied in the lowest model layer, for all 20 SOA species (Liousse et al., 1996) .
Results
In this study, two main model experiments were carried out, in the first ("R 1 "), SOA was allowed to condense on existing organic aerosol. In the second experiment ("R sulf "), 
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SOA was allowed to condense on ammonium sulphate aerosol as well as existing organic aerosol. As a sensitivity test, a third experiment (R max ) was run where the mass of the POA was increased so that almost all (more than 99%) of the semi-volatile species formed from the oxidation of SOA precursors partitioned to the aerosol phase. This test then provides the upper limit of the mass of SOA which can be formed in this 5 model, with the current precursor emissions.
Global Production and Burden of SOA
The total global production of SOA is a very uncertain quantity, as the results of previous modelling studies show. Using a similar approach to that used here, Chung and Seinfeld (2002) estimate a total annual SOA production of about 11.2 Tg yr −1 , while Tsi-10 garidis and Kanakidou (2003) suggest that the SOA production from biogenic volatile organic compounds (VOC) might range from 2.5 to 44.5 Tg yr −1 , with an additional contribution from anthropogenic VOC of 0.05 to 2.62 Tg yr −1 . A range of about 12 Tg yr −1 to 70 Tg yr −1 of total SOA formation is given by Kanakidou et al. (2005) , summarising the results of several different model studies. The total tropospheric SOA production 15 for 2004 was calculated to be 55 Tg yr −1 , for R 1 , which is within the higher end of the range of these values. The SOA production for 2004 in R sulf was 76 Tg yr −1 . The annual mean SOA burden for 2004, in R 1 , was calculated as 0.52 Tg, which is again significantly larger than the 0.19 Tg calculated by Chung and Seinfeld (2002) and Kanakidou, 2003) . The SOA burden for R sulf was 0.77 Tg.
One of the reasons that R 1 results in a larger value for total SOA production than that of Chung and Seinfeld (2002) , despite a similar treatment of SOA formation, is the 25 inclusion of isoprene as a SOA precursor. This leads to the formation of 15 Tg yr −1 of SOA from the isoprene oxidation products (and accounts for about 28 % of the annual average global burden). The additional aerosol mass also leads to an enhancement
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of the SOA formation from other hydrocarbons. SOA formation via isoprene oxidation was added to an existing SOA scheme similar to that of Chung and Seinfeld (2002), by Henze and Seinfeld (2006) , who found that the global SOA produced directly from the oxidation products of isoprene was 6.2 Tg yr −1 , or about 71 % of the production due to other VOC in their model. They also noted that the extra aerosol enhanced 5 the production of SOA from other VOC in their model by 17 %. However, isoprene emissions of around 500 Tg yr −1 are used in the model of Henze and Seinfeld (2006) (compared with the 220 Tg yr −1 used here), so this can not be the sole explanation for the greater SOA production calculated in the present study.
Other factors which may contribute to the higher SOA burden in our model, as compared to that of Chung and Seinfeld (2002), include the aging rate of the POA, transport of aerosol components by the model and the concentrations (and transport) of oxidants (O 3 , OH, NO 3 ) used. An exponential decay lifetime of 1.15 days was used by Chung and Seinfeld (2002) to convert hydrophobic POA into hydrophilic POA, which is shorter than the 21% day −1 used here. Because the formation of SOA depends upon the ex- 15 isting aerosol burden (new particle nucleation was not accounted for), less POA leads to less SOA. With regard to transport, the GISS CTM, which was used by Chung and Seinfeld (2002), has a more rapid transport of tracers from the source regions than the Oslo CTM2 (Schulz et al., 2006) . This can reduce POA over areas with high levels of SOA precursors, or it could result in a faster transport of SOA into model levels with 20 clouds, where wet removal is efficient. In addition, differences in cloud water fluxes and precipitation cause different removal rates for a species in two different models, even if the solubility of the species is the same in both models. As well as the additional SOA source from the inclusion of isoprene in this study, the oxidation products of anthropogenic VOC contribute a further 2.5 Tg yr −1 to the 25 annual SOA production in R 1 . The contribution of each of the modelled SOA species to the total global SOA production is shown in Table 8 . The oxidation products of the class I hydrocarbons make the largest contribution of any species to the global SOA production in both experiments (about 32% in R 1 and 31% in R sulf ), mainly due to NO 3
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Interactive Discussion EGU oxidation. The second largest contribution is from the oxidation products of isoprene (27% and 24% in R 1 and R sulf respectively). Allowing the condensation of semi-volatile species on ammonium sulphate aerosols not only increased the total SOA production, but it increased the importance of anthropogenic SOA precursors from about 4.5% in R 1 to almost 9% in R sulf .
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The surface concentration and total column amount of SOA for both model runs are shown in Fig. 1 , as an annual mean. The regions with the highest SOA concentrations are those where emissions of precursors are highest, for example South America, and Africa. The supply of oxidants and POA has an impact on the SOA concentrations, which are also high in relatively polluted regions such the east coast of North America, 10 parts of Asia, and Europe, where the concentration of POA is highest (Panels D and H). Including the condensation of SOA on ammonium sulphate aerosol generally increases the SOA burden over industrialised areas, especially South East Asia and the east coast of North America, although a smaller increase is also visible over southern Europe (Panels C and G). In R sulf , SOA makes up the majority of the organic aerosol 15 at the surface, on the east coast of North America, however this is not the case in other industrised areas. For the column values, SOA is found to be the dominant contributor to total organic aerosol over part of Europe, as well as a significant part of North America. The major fraction of organic aerosol over Asia, however, remains POA.
SOA Lifetimes and the contribution of different species to SOA production 20
The annual average lifetime of SOA was calculated to be 3.2 days in R 1 , increasing to 3.7 days in R sulf . Both these values are significantly shorter than the 6.2 days given by Chung and Seinfeld (2002) . As the major loss process for SOA in both studies was calculated to be wet deposition (here it was found to be, on average, 95% of the total loss for 2004) and the same scavenging efficiency was used for SOA, the 25 difference probably lies in the calculation of convection and precipitation in the models. The annual mean lifetimes of different species range between about 2.7 and 4.6 days ( 
Comparison with measurements
In order to compare the mass of organic aerosol (OA) that the model predicts with measurements from a number of sites, mean burdens of organic aerosol have been calculated, from both model and measurement data. These values are shown in Table 9 .
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Total OA mass concentration, as well as the concentration of SOA alone are shown for runs R 1 and R sulf , additionally the total OA concentration when all semi-volatile species are partitioned to the aerosol phase is shown (R max ). The measurement data in the first section of Table 9 comes from the Interagency Monitoring of Protected Visual Environments (IMPROVE) Aerosol Network data base, 10 and is a mean of all values available at each selected station for 2004. The stations were selected based on their location, to provide data points spread over most of North America. The modelled values were interpolated to the latitude and longitude of the station and a mean was calculated over the same days as for the measurements. The modelled total organic aerosol values from R 1 are lower than the measured values, 15 for all IMPROVE stations other than Brigantine. However, all modelled values except that for Mammoth Cave NP and Chassahowitzka NWR are within a standard deviation of the mean measured value (although this is partly due to the large variability in the measurements, for example at Denali NP). Values from R sulf are generally closer to the measured values, however there is still a significant underestimation of the measure-20 ments. In the model run where SOA partitioned entirely to the aerosol phase, most of the modelled values are close to the observed values, and in several cases, the modelled values are significantly higher than those observed.
For Europe, the model is compared with measurements made during a one year measurement campaign, which took place in 2002 and focused on elemental and or- EGU underestimate the measured values, by around 80%-95% in most cases. Some improvement is seen when the SOA is allowed to partition to the ammonium sulphate aerosol, however, the modelled values remain low. In contrast to what was seen in the comparison with the IMPROVE stations, the results of model run R max are still significantly lower than most of the corresponding observations.
In the third section of Table 9 , the modelled data is compared with measurements from stations in countries other than Europe and the USA. Where these measurements were made for less than a whole year, the modelled data is an average of the corresponding time period. The R 1 values are far lower than those measured, and again the R sulf values are generally higher than those in R 1 (except at Aboa). Also for these stations, partitioning all semi-volatile species to the aerosol phase does not produce enough OA to match the observed values.
The fraction of OA which consists of SOA is rather variable and ranges from 0%, at Aboa, to 78% at Mammoth Cave, in run R sulf . At most of the stations, SOA makes up around 30% to 40% of the total modelled OA. Because of the greater existing aerosol 15 mass in R sulf , a higher fraction of OA consists of SOA than is the case in R 1 , where typical SOA fractions range between about 10% and 30%, at most stations.
In the last two sections of Table 9 , some of the underestimation of the measured OC mass may be explained by the measurements being from a different year than the modelled values. As there are few reported OC measurements for 2004, in most 20 regions it was necessary to use available measurements from other years to compare with the modelled data. Thus an additional uncertainty is introduced in the modelled values, firstly as meteorological conditions may vary between the measurement and modelled periods, bringing different levels of OC from source regions, and secondly as the biomass burning activity varies between years. Introduction
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Interactive Discussion EGU and valleys. Although there are a few stations in Table 9 where the SOA values in R max are significantly higher than the observed values, for most locations, even with all semi-volatile organic species partitioned to the aerosol phase (itself an unrealistic scenario), the model underestimates the observed levels of OA. This indicates that the cause of the 5 underestimation does not lie with the partitioning of SOA between gas and aerosol phase, rather that emissions of precursors or POA may be too low. As already noted, the way in which wet deposition is parameterised in the model also plays a role in determining the production and burden of SOA, however comparisons between modelled and measured sulphate aerosol values (not shown), give us confidence that this 10 process is well represented in the Oslo CTM2.
Influence of NO 3 on SOA formation
As mentioned above, in this study, the oxidation of SOA precursors by NO 3 is found to lead to a large fraction of the total SOA formation. This is examined in more detail here. As the best match between modelled and observed OA was achieved with R sulf , 15 the analysis below will be restricted to this run.
Comparison of modelled NO 3 with measurements
The modelled night-time NO 3 concentrations can be compared with measurements from several different locations. Measurements made using a zenith sky spectrometer, were analysed by Allan et al. (2002) EGU however there is some overlap of the values within one standard deviation of modelled and measured means, especially in the case of Tenerife and Cape Grim, for the lower altitudes. Further, the model shows the increase in variability in values seen between the surface and about 2 km altitude at Cape Grim, as well as the pronounced gradient in NO 3 concentration at Tenerife. , 2006) , and these would be more diluted in reality than they are in the model, by the time they reach Crete.
The formation and loss of NO 3 is closely linked with the chemistry of NO and NO 2 , 20 therefore a further method of estimating a models representation of NO 3 is to compare the modelled abundance of these species with measurements. The fraction of annual mean SOA produced from precursors which were oxidised by NO 3 is shown in Fig. 4 , for the surface (Panel A) and for the total SOA column (Panel B). The effect of NO 3 is much more evident at the surface, and near polluted regions, where emissions of nitrogen oxides coincide with high concentrations of terpenes. In 5 some parts of Asia, up to 60% of the SOA at the surface consists of NO 3 oxidation products. Similarly, high values are seen on the east coast of North America, as well as in Southern Europe. The extremely low contribution of NO 3 oxidation products around Papua New Guinea and parts of Indonesia are due to the formation of a large amount of SOA from isoprene oxidation products as, in the case of isoprene, only oxidation by 10 OH can lead to SOA in this model. The influence of NO 3 on the total SOA column, shown in panel B of Fig. 4 , is much more uniform, with values over land in the northern hemisphere being between 30% and 45%. Again, the fraction is highest over India and south eastern China, and the east coast of North America. 15 A new module has been added to the Oslo CTM2, allowing the simulation of SOA formation, transport and loss. The calculated annual production (55-76 Tg yr −1 ) and burden (0.43-0.77 Tg) of SOA are at the high end of the range of the results of previous model studies. The amount of SOA was increased by allowing semi-volatile species to partition to ammonium sulphate aerosol as well as organic aerosol, and this 20 lead to modelled OA values which were closer to the observed values than when only partitioning to pre-existing organic aerosol was allowed. Despite this improvement, the model still underestimates OA at most of the observation stations. Modelled OA values remain too low, especially in Europe, even when all semi-volatile species are partitioned to the aerosol phase, which suggests that the reason for the model under-
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Interactive Discussion EGU the isoprene emissions in the model to bring them more in line with recent estimates will increase the SOA production, however, this is unlikely to substantially reduce the underestimation of OA over Europe. Further reduction of the uncertainties in emission estimates for POA, and SOA precursors would help reduce the uncertainties in modelling SOA formation. It is also ap-5 parent that similar SOA schemes can produce rather different results when combined with different global CTMs, possibly due to differences in the calculation of wet deposition of SOA components as well as differences in advective and convective transport.
The results of this study show a significantly higher contribution of NO 3 oxidation products to the SOA burden than that found in previous studies. Regionally this con-10 tribution reached up to 60%, and the global annual mean contribution was found to be about 29 %.
The contrast in the contribution of NO 3 oxidation products to the SOA burden between regions with high anthropogenic emissions and relatively unpolluted regions also highlights the importance of the anthropogenic influence on the oxidising capacity of 15 the atmosphere, for regional SOA formation.
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